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Abstract 

This research aims to evaluate the change in the stiffness and shear strength of synthetic carbonate rocks 

submitted to a reactive injection fluid. Therefore, laboratory tests were carried out with two types of cemented 

carbonatic rock artificially produced. The synthetic rocks were subjected to physical characterization tests 

(mineralogy, computed tomography, porosity, etc.) and mechanical characterization (uniaxial compressive 

strength and Brazilian tests) before and after the dissolution process to assess any changes in the samples. The 

dissolution test was performed in a modified oedometer cell, which allowed for measurements of horizontal 

displacements. The loading and dissolution phases were conducted using water and an acid solution to evaluate 

the influence of pH on their initial characteristics of the samples. The X-ray diffraction analysis revealed that the 

increase in maximum porosity by 57.8% and the increase in permeability were due to the dissolution of 

minerals. During dissolution, the horizontal stress increased linearly, and the maximum volumetric strain was 

12.8%, owing to the loss of mass. This was also reflected in the mechanical characteristics since the samples lost 

about 72% of the strength after the dissolution with the acid solution. The study carried out in this paper helps 

explain and estimate changes on a micro-scale, that is, to understand how the dissolution of bonds between 

grains leads to macro-scale changes, such as the loss of mechanical strength causing irreversible damage to the 

rock. 
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1. Introduction  

Chemical weathering and fluid-injection and extraction processes modify the properties of rocks, including 

porosity, permeability, constituent minerals, and mechanical properties, which can generate problems that affect 

various applications in engineering which can cause change the built and natural environment and, 

consequently, prevent the sustainable exploration of geographic resources. The rockïfluid interactions can cause 

dissolution processes, inducing the matrix rock to weaken, which leads to deformation. Rock chemical 

compaction, for instance, results from the dissolution of the diagenetic bonds (between the grains), progressive 

grain size reduction, and pore collapse; the rock experiences grain redistribution, cementation, and change in the 

fluid flow dynamics. All the processes involved depend mainly on the reactivity of the fluid due to temperature 

and pressure, which can induce a complex interaction of multiphase flow, diffusion, convection, dissolution, 

precipitation, and other chemical reactions. The physical and mechanical properties of the rock are needed to 

assess the rockôs stress states and to determine the various fluid properties in the porous medium, including 

quantity, distribution, movement behavior, and the amount that can be extracted ([1,2,3]). As an example, these 

interactions can generate a water-weakening effect, which can result in deformations that affect the mechanical 

behavior of the rock, such as decreasing strength and stiffness when subjected to various loads. This can cause 

compaction and subsidence of the rock, pressure buildup, collapsed wells, or a reduction of shear stresses in the 

well wall. The stress reduction can reactivate geological faults, inducing seismic events and, in some cases, 

collapse underground reservoir cavities. These phenomena can cause damage to the rock and, consequently, 

prevent the sustainable exploitation of natural resources [4,5,6,7,8]. In this context, the engineering field needs 

to understand the geomechanical and geochemical processes that occur in carbonate rocks, which are unstable to 

temperature and pressure and chemically reactive. The dissolution processes in these rocks often cause the 

removal of shells and other fragments in their structure and increased porosity. Later, these voids can be filled 

by cementation [9], presenting heterogeneous geomorphological characteristics.  Because of the complexity of 

the phenomena involving carbonate rocks, their characterization, and the rockïfluid interactions, several studies 

have been conducted with synthetic rocks [10,11,12,13,14,15,16]. These investigations aimed to better control 

the physical and mechanical properties of rock and characterize its behavior through the simulation of the 

natural matrix of synthetic carbonate rock, using the main lithification factors, which, according to [16], include 

grain size and shape, the concentration of cementing material, and compaction pressure.  For example, 

Reference [17] used fragments of natural limestone, Portland cement, and water for the production of synthetic 

rocks to perform mechanical tests and numerical simulations. Reference [14] used these same materials to 

produce synthetic carbonate rocks to study the influence of the rockôs interaction with an acid fluid through the 

dissolution test, evaluating changes in the permeability and mechanical strength of the samples. The results 

achieved were, in the permeability and porosity decrease and UCS increase were probably due to pore throat 

obstruction phenomena, the formation of a stable layer on the reactive surface resulting from the cement 

dissolution and the supersaturation of Ca
+2

 cations causing precipitation. The constructed geochemical model 

represented harder dissolution at the system input and the precipitation caused by the dispersion from the 

reactive transport at the output. Reference [16] produced synthetic carbonate rocks composed of sand, calcite, 

and Portland cement. They studied the influence of the percentage of cement on the strength of the samples. A 

comparison was also made with the natural matrix of carbonate rocks about the main factors of lithification, 
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such as grain size and shape, the concentration of cementation material, and compaction pressure. The results 

were compared with natural carbonate samples and showed a high similarity to the petrophysical behavior 

of mudstones rocks. That similarity points out the feasibility of those synthetic rocks to be used as analogous of 

mudstones, specifically those exhibiting only primary porosity, in experiments regarding rock physics, core 

flooding or rock mechanics. Reference [18] used synthetic carbonates to study the behavior of compaction under 

conditions that favor the dissolution of grains under pressure. The authors investigated the effects of grain size 

and distribution, the behavior of compaction stress, and the effects of different fluid compositions, using 

theoretical models of dissolution under pressure. The experimental results suggest the main deformation 

mechanism in calcite under their experimental conditions was pressure solution and that diffusion is likely to be 

the rate-controlling process pure solution system.  These studies involving synthetic rocks report the value of 

reproducing rocks in the laboratory, which result in samples with predetermined characteristics that can be used 

to develop correlations between their physical properties in laboratory tests and numerical simulations. 

According to [19], these synthetic rocks can be applied in engineering is to analyze the behavior of sandstones 

and soft carbonate rocks susceptible to compaction and subsidence. The objective of this paper is to evaluate the 

impact of chemical interactions between synthetic carbonate rocks and a reactive fluid and to analyze the linked 

hydraulic, mechanical, and chemical phenomena that can alter the initial characteristics of the rock. The paper 

aims to contribute to the understanding of rock behavior when subjected to reactive fluid injection. Two 

artificially cemented rocks were produced for this studyð (1) with Portland cement and (2) with calcium 

hydroxide (Ca(OH)2) and carbon dioxide (CO2). Physical and mechanical tests for rock characterization and 

dissolution tests under oedometer conditions were conducted. The dissolution test employed a modified 

oedometer cell specially designed to measure horizontal stress. For both studied samples, changes in the stress 

states and physical and mechanical properties that occur after these rocks were subjected to the reactive fluid are 

presented. 

2. Testes protocols 

Two types of artificially cemented carbonate rocks were studied. Then, dissolution tests were performed on the 

samples using a modified oedometer cell to obtain parameters of horizontal stress, volumetric strain, 

permeability, and pH during the test and to analyze physical parameters, such as mineralogy, porosity, void 

index, and grain density of the sample, before and after the test. Unconfined compressive strength (UCS) and 

diametral compression tests were performed to evaluate and compare the shear and tensile strengths, 

respectively, of the samples before and after the dissolution test. The methodology for sample production in the 

laboratory was standard for all samplesð to obtain rocks with similar physical and mechanical properties, thus 

allowing for valid sample comparisons before and after the test. 

2.1 Synthetic Carbonatic Rocks Production 

The synthetic samples produced for this study comprised sand, calcite, and bonding material, with one sample 

artificially cemented with Ca(OH)2 reacting with CO2 and the other with Portland cement, using the 

methodologies adapted from [20,14], respectively. This composition was based on the sedimentary formation of 

soft carbonate rocks that predominantly consist of bonded limestone fragments (ooids, shells, and corals). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mudstone
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/feasibility
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Additional composition information was obtained from tests carried out with natural carbonate rocks, 

comprising mainly calcite/dolomite/aragonite and secondary minerals, such as anhydrite, gypsum, siderite, 

quartz, clay minerals, pyrite, oxides, and sulfates [2,21,6,14]. Table 1 shows the percentages of materials that 

were used in the samples.   

Table 1: Percentages of materials used in synthetic rocks. 

 

*Methodology adapted from [20].  

** Methodology adapted from [14]. 

The dry mass of calcite and sand was washed and sieved to a granulometric fraction of 0.50 mm, then divided, 

and each part was mixed with a cementð(a) Ca(OH)2 + CO2 (abbreviated as CH) and (b) Ari Portland (CP V-

ARI) cement and water (CC). The percentage of water was based on the weight of the aggregate mixture 

(agglomerate, sand, and calcite). The components were mixed manually for 5 min to obtain a homogeneous 

mass. Then, the mixture was uniformly poured in a steel compaction mold, where static compaction was 

performed in a servo-controlled press, exposed to vertical stress of 15 MPa.  For the CH sample, the compacted 

mixture in the compaction cell was then exposed to direct carbonation with a pressure of 100 kPa of CO2 for 5 

min and placed in a drying oven at 105°C for 24 h. For the CC sample, the mixture remained in the press for 12 

h with the applied compression stress and was then taken to the muffle for 32 h with a temperature range of 100 

to 300°C. After the cementation procedures, the samples were extracted from the molds for the test protocols 

(Figure 1). 

 

Figure 1: Samples after mold extraction. a) With Portland cement; b) With calcium hydroxide. 

a) b) 
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2.2 Dissolution Test under Oedometer Conditions 

The modified oedometer cell in this study, which was developed by [22], is made of a bronze-aluminum alloy 

and has a containment ring with a 7.0-cm  diameter, 6.5-cm height, and 0.8-mm thickness. The cell was 

designed to measure radial strain on a millimeter scale and its consequent horizontal stresses, as shown in Figure 

2. High-resolution strain gauges were installed in the oedometric cell ring to collect radial data and for LVDT 

(displacement transducer) vertical displacement measurements. After the instrumentation, the rock sample was 

put into the modified oedometric cell, which was then placed in the loading frame. The LVDT was calibrated, 

and the LVDT and extensometers were connected to a computer to feed the software Geolab the stress and 

strain data. For the injection of the reactive fluid, a reservoir was installed next to the loading frame, as shown in 

Figure 3. 

 

Figure 2:  A) Scheme of the oedometer cell with chemical weatering composed of: (a) top, (b) bottom, (c) 

confining ring, e (d) piston for vertical load. B) Modified oedometer cell, with focus on the extensometer in the 

confining ring and the LVDT in the upper part of the cell. Reference: [22] Modified. 

 

A) B) 
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Figure 3: Scheme of the experimental apparatus of the dissolution test. 

For the dissolution test, two types of fluids were used water and acetic acid solution (with 10% concentration)ð

with their characteristics described in Table 2. The fluid was injected upwards, as illustrated in Figure 2(a).  

Table 2: Fluid specifications used in dissolution test. 

 

Based on the literature, protocols have been defined to subject the rocks to conditions of pressure and fluid 

exposure. The following list of protocols describes the different methodologies used for the dissolution tests: 

Protocol 1: This methodology consists of the loading and dissolution phases. In the loading phase, vertical loads 

of 150, 300, and 400 kPa are applied for 1 h each (tree specimen per applied load). Then, dissolution starts with 

the acetic acid solution at a flow pressure of 2 kPa for approximately 7 h, totaling 15 injected through the 

synthetic rock. During the test, pH, permeability, and vertical and horizontal displacements are measured. The 

acid solution is collected for every 200 ml of percolating fluid to measure the pH with the pH meter. This 

methodology was carried out on the two samples of synthetic rock. Protocol 2: The difference between this 

methodology and the previous one can be observed in the dissolution phase, where acetic acid is applied with a 

flow pressure of 12 kPa for approximately 7 h, followed by 12kPa of acid and water for 12h. This methodology 

was carried out on both samples types of synthetic rock. Protocol 3: In this methodology, the loading and 

dissolution phases are interspersed. The loading phase is divided into two steps: (a) loading 1, followed by 

dissolution with the acetic acid solution, and loading 2, followed by dissolution with water, and (b) dissolution 
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with acid for 2 h and then with water for 10 h. This methodology was carried out on the CC rock sample. On the 

microstructural level, the dissolution causes the degradation of bondings between the solid grains of the rock.  

These different dissolution protocols were carried out to evaluate the interaction between the fluid and the 

synthetic rock under different contact time and pressure conditions. Higher vertical loads were not applied as the 

oedometer cell was calibrated up to 400 kPa. 

2.3 Evaluation of the effect of dissolution on the physical and mechanical properties of rocks 

2.3.1 Physical characterization of synthetic rock samples 

The synthetic carbonate rocks were characterized by determining their physical properties, such as porosity, 

void index, particle density, grain-size distribution of the mixture, mineralogy through the X-ray diffraction, 

tomography (analyzed by the CT equipment of the LTC-RX), and petrography (analyzed using a scanning 

electron microscope (SEM) Nikon Eclipse Pol). These measurements were performed before and after the 

reactive fluid injection.  

2.3.2  Mechanical testsðunconfined compressive strength and Brazilian tests 

UCS tests were performed to determine the maximum strength and Youngôs modulus (E) of the synthetic 

carbonate rocks. The dimensions of the test samples were 65 mm long by 33 mm in diameter. The tests were 

executed in a servo-controlled press with a constant vertical displacement speed of 0.122 mm/min. Fragile rocks 

require a speed of 0.4 mm/min, as recommended by the standard [23]. For synthetic rock, the lowest speed of 

the press was used.  In the Brazilian test, the tensile strengths of samples with dimensions of 13 mm in height 

and 30 mm in diameter were measured. This value was based on the maximum stress that the specimen could 

support without breaking, with the load applied along the cylindrical axis. The test was performed on the same 

servo-controlled press as the UCS test with a constant vertical displacement speed of 0.122 mm/min. 

3. Experimental Results 

3.1 Dissolution test under oedometer conditions  

For this stage 39 trials were counted in total. Figure 4a shows the evolution of the volumetric strain in the 

dissolution test over time, carried out with the Protocol 1 methodology, in which the sample was exposed to an 

axial load for 1 h, followed by an injection of acid flow. Based on the figure, during the loading phase, the 

volumetric strain of the CH and CC rock samples remained constant. In the dissolution phase, the material 

weakened because of the dissolution of the calcite minerals from the acid flow. The material deformed 

vertically, and the effective horizontal stress gradually increased, as shown in Figure 4b. According to Lins and 

his colleagues (2015), this increase in the effective horizontal stress is directly related to the development of the 

horizontal plastic expansion strains when the sample was submitted to oedometer conditions. Figures 4c and 4d 

show the results of the evolution of the volumetric strain and effective horizontal stress over time, following 

Protocol 2. In this test, the sample was exposed to a higher pressure of the fluid flow and a longer dissolution 

time. In both the loading and dissolution phases, the behavior was similar to that of Protocol 1. However, the 

volumetric strain values are more significant. The volumetric strain was also evaluated in the samples of the 
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fluid flow with water (Figure 4e), and the obtained deformation is patently low. 

 

 

 

a) 

b) 

c) 
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Figure 4: Results of the oedometer test with chemical degradationða) and b) Protocol 1 dissolution (7h), c) and 

d) Protocol 2 dissolution (12h), and e) Protocol 2 dissolution (12h) with water for rock samples with cement 

(CC) and with calcium hydroxide (CH). 

Mineral dissolution in the rocks caused an increase in the pH output value of the acid solution because calcium, 

when reacting with excess hydrogen, decreases the concentration of hydrogen ions (H+), increasing the pH 

solution. Figure 5shows that the pH in the sample with calcium hydroxide increased from 2.8 to 4.5, and the pH 

of the CC sample increased from 3 to 4, indicating that a reaction occurred between the acid fluid injected and 

the synthetic rock samples. Even if the variations of the tests performed with water (pH = 7), both related to the 

effective horizontal stress, as well as the volumetric strain of tests performed with water, the minerals dissolve, 

d) 

e) 
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being identified in the comparison of pH input and output values of the fluid solution.  Another change in the 

rock sample properties regarding this mineral loss during the fluid injection was in permeability. Throughout the 

test, the rock became more permeable, obtaining a final permeability coefficient close to 2.5 cm/s, as shown in 

Figure 6. 

 

 

Figure 5: pH output values of the a) acid solution and b) water during dissolution. 

 

a) 

b) 
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Figure 6: Rock permeability during dissolution. 

Protocols 1 and 2 were carried out in two phases, loading (1ï2) and dissolution (2ï3), and the change in the 

state of stresses from one phase to another is represented in the plane q-p' shown in Figure 7. This change is 

characterized by a decrease in the deviator stress q and compensated by an increase in the average stress p' from 

chemical degradation. Reference [10,22,6] also showed that the evolution of the stress path depends on the 

mechanical and chemical effects that occur simultaneously during the test. The CC rock was less degraded than 

the CH rock, corroborating the results of the volumetric strain. 

 

Figure 7: Stress path. 



 American Scientific Research Journal for Engineering, Technology, and Sciences (ASRJETS) (2021) Volume 79, No  1, pp 15-43 

26 
 

The results in Figure 6 and Figure 7 are needed to analyze the influence the weakening phase (sample softening) 

has on the mechanical behavior of the sample at different dissolution times because, as the rock loses its 

bondings, the elastic domain decreases, and the mechanical strength of the rock is affected. The tests with water 

(pH = 7) in Protocols 1 and 2 obtained much lower volumetric strains when compared to the acid fluid (Table 

3); however, the higher applied load and longer dissolution time with the acid solution resulted in more sample 

degradation, corroborating with a study by [24]. These authors found that when a carbonate material is kept in 

contact with water for a long time (hours), the weakening of the solid structure is attributable to the chemical 

reaction of calcium carbonate dissolution. This dissolution is intensified with the acid, owing to physical and 

chemical factors that influence the solubility coefficient of calcium minerals in the rock.  The results in Figure 8 

were obtained by Protocol 3, where the loading and dissolution phases were interspersed, with acid as the first 

fluid injected into the cement rock, followed by water. Figure 7 shows the evolution of the volumetric strain 

over time, in which the sample reaches a maximum value of 9.4% after dissolution for 12 h. The dissolution 

with acid of 2 h yielded a maximum volumetric strain of 3.76 %, while 10 h with water resulted in a volumetric 

strain of 3.6%.  

 

Figure 8: Volumetric strain of Protocol 3 dissolution with acid and water in the CC rock sample. 

As shown in Figure 4e, the strain due to the dissolution with water is lower when compared to that with the acid 

flow. However, in Protocol 3, Figure 8 shows that the volumetric strain increased from 2.1% to 3.6% in the 

dissolution with acid, as the sample was submitted to a softening phase with the injection, thus, allowing the 

subsequent water injection to intensify in the dissolution process. In this methodology, only samples of rock 

with CP ï V ARI were used. These processes can explain the behavior of rock when its stress state is modified 

once exposed to reactive fluids, which can affect the reservoir strain. Table 3 shows the results of maximum 

volumetric strain, horizontal stress, and dissolved mass index obtained in the dissolution test performed with 

water and acid. A total of  39 tests were performed; Table 3 shows the maximum average of three tests for each 
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vertical stress applied in each protocol. 

Table 3: Maximum values obtained in each dissolution test. 

 

3.2  Dissolution effect on the physical and mechanical properties of rocks 

The results of porosity, void index, grain density, tomographic images, and mineralogical analyses are presented 

along with the results of mechanical, compression, and tensile tests obtained before and after dissolution tests.  

3.2.1 Physical indexes befores and after degradation with acid solution  

To quantify the degradation that occurred in the samples of synthetic rock in physical and mineralogical terms, 

analyses were performed before and after the dissolution tests with the acid solution, as shown in Table 4. The 

increase in physical indexes (porosity and void indexes) is a consequence of the carbonate mineral dissolution 

found in the samples of synthetic rocks, where the maximum increases in porosity achieved after the dissolution 

tests were roughly 44.3% for the CH sample and 61.2% for the CC sample. As a result, their unit weights 

decreased as well. 

Table 4: Physical analysis of samples before and after Protocols 1 and 2. 
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The mass loss, verified by the reduction of unit weight, is evidenced in the computed tomography (CT) images 

(Figure 9), where an increase of black pixels in the image (representing pores) is observed after the dissolution 

of cement samples. In the comparison of the two samples, including stress, strain, and porosity, the CH sample 

ñsuffersò more with dissolution than the CC sample. Therefore, the CT images indicate internal cracks 

appearing in the CH sample, in addition to the increase in pores as compared to CC. The CH sample contains a 

binding compound more willing to react compared to that of the CC sample; thus, the effects in the CH sample 

of dissolution were more significant. 

 

 

Figure 9: Tomography of samples (a) before CH dissolution, (b) after CH dissolution, (c) before CC dissolution 

and (d) after CC dissolution. 

 

Figure 10: (a)CT image of slices of the entire sample, and (b)  cut of the sample slices from the central zone. 

a) b) 

c) d) 

a) b) 



 American Scientific Research Journal for Engineering, Technology, and Sciences (ASRJETS) (2021) Volume 79, No  1, pp 15-43 

29 
 

When visualizing the spatial structure of the pores in the sample, a zone was selected in the middle of its main 

section to better quantify, analyze, and compare the microstructural changes attributed to the fluid flow (Figure 

10). 

From this central zone, a 3D construction of the pores in the sample was generated, showing their arrangement 

and number. After the rockïfluid interaction, the minerals dissolved, and, consequently, the pores increase in 

number and size. Figure 11 shows the studied volume of the samples, and Figure 12 indicates a considerable 

increase in the number of pores. 

 

Figure 11: (a) Segmented 3D pore structure representation and (b) pore quantification study structure. 

 

                                                                                   

Figure 12: (a) 3D pore structure of the pre-dissolution sample and (b) 3D structure of the pores of the post-

dissolution sample. 

In the analysis of CT images, solids from non-solids and pores from non-pores can be differentiated. Therefore, 

sample data can be obtained for the quantification of small, medium, and large pores. Table 5 shows the porosity 

comparison obtained from CT images with the values acquired in the laboratory. The quantification analysis of 

the porosity through the reconstruction of the CT images is a non-destructive technique and takes into account 

a) b) 

a) 
b) 
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the absolute porosity of the samples; that is, it quantifies both the connected (permeable) and non-connected 

(closed) voids. The pore distribution analysis using the X-ray CT technique combined with 3D reconstruction 

was an effective tool to verify the increase in porosity both in terms of quantification in numerical percentage 

and the internal geometric structure of the pore rock samples. 

Table 5: Porosity values comparison. 

 

Table 6 shows how the quantification of the porosity distribution behaves according to the size of the analyzed 

particles. The size of the image takes into account the quality (number of pixels x, y) and the number of slices 

analyzed z. With the dissolution that occurred in the samples, the distribution of the pores is indicated by the 

size of the particles. Large pores are more representative after the dissolution, implying the grains susceptible to 

dissolution are dissolved and an increase of both existing and new pores occurred. 

Table 6: Behavior of the porosity distribution by particle size. 

 

From a microscopic perspective, calcium carbonate polymorphs occur in hand samples as rounded, white grains 

of coarse-sand to silt granulation. Skeletal grains can be observed, such as gastropod shells, bivalves, sea urchin 

spikes, and fragments of the green algae group, identified as Halimeda. Quartz occurs as rounded grains, white 

to transparent in color, medium- to fine-sand granulation, and usually presents a surface film of iron oxide 

change around the grains, as shown in Figure 13 of the images acquired by Dino-Lite Pro magnifying glass. 
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Figure 13: General aspects observed in the Dino-Lite Pro magnifying glass, (a) skeletal carbonate grains 

interpreted as bivalve carapaces (blue arrow) and (b) quartz grains covered with a superficial iron percolating 

film (red arrow). 

The synthetic samples have a ñprimaryò porosity associated with the voids inside the grain and between the 

grains. When comparing the aspects before and after dissolution, an increase of this primary porosity occurred 

after the passage of fluid through the synthetic rock due to the intergranular and intragranular voids and the 

creation of pores by dissolving the carbonate grains, as shown in Figure 14b (pores are represented in black) and 

Figure 15b (pores are blue and indicated by the green arrow). The carbonate grains in parallel nicols are 

yellowish to transparent white, and, under crossed nicols, they present a high interference color characteristic of 

the polymorphs of calcium carbonate, aragonite, and calcite [25]. Skeletal grains were also observed under the 

petrographic microscope, mainly fragments of the Halimeda, with their characteristic internal structure. 


